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Atmospheric Transmittance, 7-30um: 
Attenuation of CO 9 Laser Radiation 
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1. INTRODUCTION 


Theoretical investigations of the attenuation of laser emission through the 
aimosphere require a knowledge of the molecular absorption of the atmosphere 
at very high spectral resolution. Absorption line widths of atmospheric mole- 
cules are typically of the order of 0.1 cm”! at one atmosphere pressure and 
decrease with decreasing pressure. Thus, from the point of view of computations, 
a spectral resolution of better than 9.1 em”! is required. In two previous re~ 
ports, calcniation of synthetic atmospheric spectra were made for a spectral 
resolution cf 0.01 em”), The resulting spectra can thus be considered as rep- 
resenting an infinite resclution spectrum, limited only by the real width of the 
atmospheric absorption lines. One of the previous reports (McClatchey, 1971) 
provided spectra covering the region of CO emission - 1400-2120 em7}, A 
second report (McClatchey and Selby, 1972) provided spectra covering the region 
of HF and DF emission from 2120-3740 em™?. 

In addition to the "infimite" resolution spectra provided in these reports, 
specific laser attenuation charts have been provided for a great number of laser 
wavelengths in the CO, HF, and DF systems. Although it is useful to have these 
laser attenuation coefficients immediately available, we have found the "infinite" 
resolution spectra of great value for a large number of purposes. For example, 
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these spectra can be used directly as a guide tu selecting other lasers which have 
lines that lie in the spectral interval in question. 

Because of the growing interest in finding relatively transparent atmospheric 
windows for propagating new laser emission lines through the atmosphere, it was 
decided to extend the calculations reported earlier to longer wavelengths including 
three significant atmospheric windows centered near 9, 11, and 22 micrometers. 
The spectral region covered in this report is from 320-1400 em7! (about 7.14- 
31.25um), The molecular absoxption respensible for atmospheric absorption in 
this region includes the wing of the 6.3um band of water vapor (Benedict and 
Calfee, 1967), the v 4 band of methane centered near 7.7 um (Kyle, 1968), the 
ozone bands near 9.6um and 14.3ym (Clough and Kneizys, 1965; McCaa and Shaw, 
1967), the important CO, band centered near 15um (Drayson and Young, 1967), 
the rotational water vapor band (see Goody, 1964, p. 184), the 9.4 and 10.4um 
bands of CO, (Burch, 1962), and weak bands of nitrous oxide located near 8.5j4m 
and 17m (Burch et al, 1971 and Burch et al, 1962). In addition to the rotational 
lines associated with water vapor, carbon dioxide, ozone, nitrous oxide and 
methane, at low levels in the atmosphere there is the important water vapor con- 
tinuum of particular importance in the 8-13ym region and between 16um and 30ym 
(Burch, 1970 and Bignell, 1°70). Absorption by each of the molecules mentioned 
here has been included in the calculations of synthetic spectra provided below. 

In addition to molecular absorntion, three other sources of attenuation should 
be considered (McClatchey et al, 1971): molecular (or Rayleigh) scattering, 
aerosol scattering, and aerosol absorption. Attenuation due to molecular scatter~ 
ing (9, .) is easily computed and is found to be less than 1078 per km at all alti- 
tudes and is thus completely negligible. Aerosol attenuation (both absorption and 
scattering) can be significant, so examples of this attenuation for two specific 
aerosol models have been included (see Figures la and 1b). It should be noted 
that aerosol attenuation is a very slowly varying function of frequency and, there- 
fore, provides a quasi-continuum attenuation over the whole spectral range of 
interest, whereas the molecular absorption is highly frequency-dependent. Thus, 
molecular absorption determines the relative windows" where the transmitiance 
of a lager beam is grea‘est. 

An attenuation chart was previously constructed for a variety of atmospheric 
models for the P20 line of the 10.4 um CO, band (see McClatchey et al, 1971). 

In this report we have specifically included attenuation coefficient charts for all 
P-branch lines of this vibrational band from P2-P40 and all R-branch lines from 
RO~R40. Although much of the work done with CO, lasers has utilized the P20 
line, many other lines have been observed (Patel, 1964; Howe, 1965) and there is 
a growing interest in developing lasers in which different lines can be isolated. 
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Figure la. Atmospheric Transmittance Figure 1b. Atmospheric Transmittance 
due to Aerosols Through a 10-km Hor- due to Aerosols Through a 10-km Hor- 
izontal Path at Sea Level ina "clear" izontal Path at an Elevation of 12 km 
ana a "hazy" Atmosphere 
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2. COg LASER EMISSION FREQUENCIES 


Since the frequencies of the atmospheric absorption lines are known quite’ 
accurately (40.01 em7}), and since CO, absorption in the atmosphere is a sig- 
nificant portion of the total attenuation, the laser emission frequencies were 
assumed to be identical to the CO, absorption line frequencies. The frequencies 
of the COy lines are presented in Table 1. Computations of atmospheric atten- 
uation were made for each line appearing in Table 1. The column in Table 1 
associated with each laser frequency gives the attenuation per kilometer com- 
puted on the basis of the Midlatitude Winter Model (see Section 3). This gives a 
good idea of the relative atmospheric attenuation for all lines. 
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3. ATMOSPHERIC MODELS 
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The atmospheric models used in the computations have been fully described 4 

by McClatchey et al (1971), and so only a brief sketch will be provided here. Five : 
model atmospheres for pressure, temperature, H,0, and O3 distributions have 
been used and are referred to as Tropical, Midlatitude Summer, Midlatitude : 
Winter, Subarctic Summer, and Subarctic Winter. They refer to models of the } 
i 
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same names defined in the Handbook of Geophysics and Space Environment 
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4 
: Table 1. COg Laser Frequencies for which Attenuation 
t Coefficients Have Been Computed. The Attenuation Co- 
; efficients included in this Table Refer to Molecular Ab- 
i sorption through a 1-km Horizontal Path at Sea Level 
P40 924.970 0.0359 
7 P38 927.004 ; 0.0423 
F : P36 929.013 0.0584 
: P34 930.997 0.0536 
P32 932.956 0.0650 
P30 934.890 0.0737 
P28 936.800 0.0852 
P26 938.684 0.0853 
q P24 940.544 0.0955 
j P22 942.380 0.1021 
5 P20 944.190 0.0958 
P18 945.976 0.1223 
P16 947.738 0.0747 
P14 949.476 0.1101 
FE P12 951.189 0.1058 
P10 952.877 _ 0.1008 
; P8 954.541 0.0817 
P6 956.181 0.0615 
f P4 957.797 0.0498 
q P2 959.388 0.0753 
f RO 961.729 0.0347 
R2 963.260 0.0401 
q R4 964.765 0.0502 
; R6 966.247 0.0614 | 
1 R8 967.704 0.0663 
q R10 969.136 0.0714 
R12 970.544 0.0788 
f R14 971.927 0.0796 
‘ R16 973.285 0.0799 
5 R18 974.618 0.0755 
q R20 975.927 0.2140 
q R22 977.210 0.0871 
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Table 1. COg Laser Frequencies for which Attenuation 
Coefficients Have Been Computed. (Cont) 


979.701 


0.0579 


980.909 0,0529 
982.091 0.0587 
983.248 0.0436 


984.379 
985.484 
986.563 
987.616 


0.0439 
0.9357 
0.0328 
0.0306 


(Valley, 1965). Because the major effect these five different models have on the 
computations in this report is due to the differences in water vapor distribution, 
Table 3 indicates the water vapor amounts in a 10-km sea level path, a 10-km 
horizontal path at 12-km altitude, and in a vertical path through the entire at- 
mosphere. The water vapor distribution in all models is identical above 11-km 
altitude. 

In addition to the five models described above, computations were made for 
two aerosol models (see Figures 1a and 1b). The details of these models are 
also described by McClatchey et al (1971). Briefly, the two models describe a 
"clear" and "hazy" atmosphere corresponding to a ground level visibility of 23 and 
5 km, respectively. The 2erosol size distribution function for both models is the 
same at all altitudes and similar to one suggested hy Deirmendjian (1963) for 
continental haze. It differs from Deirmendjian's model "C" in that the large 
particle cut-off has been extended from 5um to 10um. 

The refractive index for the aerosols is assumed real for AS$ 0.6um. For 
A > 0.6um, the imaginary part is assumed to increase linearly to a value of 0.1 for 
A 2 2um. This model is based on measurements by Volz (1957). 

The total numbers of aerosol particles per unit volume for the "clear" at- 
mosphere have been adjusted to give an extinction coefficient at A = 0.55um ident- 
ical to the attenuation model of Elterman (1968 and 1970) at each altitude. The 
"clear" and "hazy" models are identical above 5 km. Below 5-km altitude, the 
number of aerosol particles in the "hazy" model increases exponentially to a value 
corresponding to a ground visibility of 5 km. 
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Tabie Z Amount of Water Vapor (precipitable 
centimeters) in the Five Model Atmospheres 
ior which Calculations have been made 


Midlat. | Midlat. | Subarc. | Subarc. 
Tropical | Summer | Winter | Summer | Winter 


10-km Horizontal 
Path at Sea Level 


10-km Horizontal 
Path at 12-km 
Altitude 


Vertical Path from 
Sea Level to Space 


4. COMPUTATIONAL TECHNIQUES FOR MOLECULAR ABSORPTION 


In the spectral region covered, molecular absorption by water vapor, carbon 
dioxide, nitrous oxide, ozone and methane occurs. Carbon dioxide, nitrous oxide 
and methane were taken to be uniformly mixed by volume in the atmosphere at 
$30 ppmv, 0.28 ppmv and 1.6 ppmv, respectively. ‘Tie water vapor and ozone were 
distributed according to the models described above. A Lorentz line shape as 
given in Fauation (1) was assumed for each line. 


Se 
k = (1) 
2 
™ a[ (v,) +a") 


in which S is the line intensity, ais the line half-width, v, is the central line 
frequency, and v is the laser frequency. For pressures less than 10 mb, a Voigt 
profile was used in the calculations (see Young, 1965). The laser frequency (v) 
was assumed monochromatic for the purposes of this calculation. In general, a 
large number of absorption lines belonging to different molecules contribute to 
the attenuation at any specific laser frequency, so the total optical depth (O.D.) 
must be evaluated and is given by Equation (2). 


5;; %;m, 
O.D. =2. 2; a} (2) 
a{(v - ¥,)° +a ijl 


where mj represents the amount of the jt absorbing gas. 


Pressure broadening enters through the %5 values in Equation (2). The 
Lorentz line width is given by 


x x Poe a iin 
teeta ND a Dalat Wee cn a kn ete cee ca Nac a al 


NARA at "teagan neeemngne gay Wnt a tethers maerm tay 


5. RESULTS 


a [Fo ve” 
a= a, P/Po T° . i 


The line intensity (5) is als> temperature dependent through the population of the 
lower state of the transition and through the partition functions. 'These pressure 
and temperature effects have been included for all lines, The wings of all lines 


within 420 cm7! of frequency, v, were considered to contribute to the absorption 


coefficient at frequency v. : 
In addition to this, absorption due to the water vapor continuum has been in- 
’ ’ 
cluded based on the measurements of Burch et al, 1971 and Bignell, 1970, between 


1250-320 em™?, 


+ ‘ 
i 


Figures 2a through 2h provide a high resolution (infinite resolution) trans- 
mittance spectrum for a 10-km horizontal path at sea level corresponding to the 
Midlatitude Winter model atmosphere. These curves cover the entire spectral 
region from 320 to 1400 wavenumbers. The resulting curves for frequencies in 
the range 320 to 440 em7! were entirety black (transmittance ¢ 107), 

Figures 3a through 3i provide a high resolution transmittance spectrum for 
a 10-km horizuntal path at a 12-km (approximately 40,000 ft) altitude.’ 

Figures 2 and 3 are intended to provide the reader with an "infinite" resolu- 
tion spectrum for estimating atmospheric transmittance in the middle ihfrared. 


These figures taken together with similar figures presented by McClatchey (1971) 


and McClatchey and Selby (1972), provide synthetic atmospheri¢ spectra for sea 
level and 12-km altitude for the entire spectral region from 320 to 3740 cm7! 
(31.25-2.67p1m). ; 

The Appendix provides detailed quantitative information on attenuation for : 
each of the © p laser emission frequencies, specified in Table 1.and for each of 
the mcJel atmospheres described above. The notations used in the column head- 
ings should be read as follows: . 

Kin = Molecular absorption coefficient, 


oes molecular scattering coefficient, 
k, = aerosol absorption coefficient, 
0, = aerosol Scattering coefficient. 


All attenuation coefficients are given in units of km7!. Zero entries indicate 
that the computed value is less than 1075, The total attenuation coefficient per 
kilometer is given by Equation .(3). ; 


v=k +0, +k, +0,. (3) 


For horizontal paths, » can be simply multiplied by the range, R, in km in order 
to determine the total optical depth. The transmittance is then given by Equation 
(4). 


T = exp (-y R). (4) 


If the atmospheric transmittance is required for a vertical or slant path, the 
entries in the Appendix must be summed (excluding the first entry) between the 
two altitude levels of interest and multiplied by the height increment (AH = 1km 
below 25 km). The result should be multiplied by the appropriate sec 9(where 6 
is the zenith angle) value to determine the total optical depth. The transmittance 
is then given by Equation (5). ‘Ihe use of sec @ in Equation (5) must be restricted 
to 6S 80°. For larger angles, curvature and refractive effects become increas- 
ingly important, and sec @ must be replaced by an apyropriate air mass param- 
eter (see McClatchey et al, 1971). 


T = exp ~ (sec 52, KAH,). (5) 


Special note should be made of the spectral region shown in Figures 2a~2g. 
Absorption due to the water vapor continuum is responsible for the continuous 
underlying ebsorption in this region. For example, at 992 cm7! the sea level 
transmittance over a 10-km horizontal path (see Figure 2f) is about 0.70. How- 
ever, due to the partial pressure of H,O, the transmittance increases :apidly with 
height as can be seen in Figures 3a-3!. 

An example of the use of the data presented in Figures 2 and 3 and the Appendix 
follows: An examination of Figure 2e shows, at a glance, the atmospheric absorp~ 
tion at the frequencies cf the CO, laser lines. For example the transmit‘ance 
over a 10 km horizontal path in the case of the Midlatitude Winter model for the 
P20 co, line at 944.190 is seen to be about 0.40. Furthermore, it can be seen 
that about half the absorption at this frequency is due to the water vapor continuum 
and the other half is due to absorption by atmospheric CO,. 

Reference can now be made to the appropriate page of the Appendix for mor2 
detailed information. Here, we can determine, for example, that the optical depth 
per kilometer at sea level corresponding to the Midlatitude Winter Model and 
neglecting aerosol scattering and absorption effects is 0.0958. For a 10-km hor- 
izontal path at sea level, the optical depth is thus 0.958 and the transmittance is 
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exp (-0.958) = 0.384. If aercsol effects are to be included, the attenuation co- 
efficients (or optical depths) must first be added and then tranamittance deter- 
mined according to T = exp (-optical depth). The resulting transmittance for a 
10-km horizontal path at sea level including aerosol effects is 0.347 for the "clear" 
aerosa’ model and 0.236 for the “hazy model. 
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